No two roses smell exactly alike, but our brain accurately bundles these variations into a single percept 'rose'. We found that ensembles of rat olfactory bulb neurons decorrelate complex mixtures that vary by as little as a single missing component, whereas olfactory (piriform) cortical neural ensembles perform pattern completion in response to an absent component, essentially filling in the missing information and allowing perceptual stability. This piriform cortical ensemble activity predicts olfactory perception.
The need for perceptual discrimination must be balanced with the need for perceptual stability. Without an ability to ignore some differences between input patterns, nearly all experiences would be unique, with each presentation of a similar stimulus being devoid of previously acquired associations and meaning. Computational modeling and experimental data suggest that some cortical circuits balance discrimination and stability through the network emergent functions of pattern separation and pattern completion [1] [2] [3] [4] [5] . Simply put, pattern separation allows partially overlapping input patterns to be decorrelated and processed as being distinct. Pattern completion is a memory-based phenomenon 6 that allows degraded input patterns to be compared to existing templates and, if they are sufficiently close to those templates, 'completed' and processed as a match. These processes have been examined in some detail in the hippocampal formation, where slight changes in the spatial distribution of visual cues can be completed to promote stability in hippocampal neuronal place fields and presumably stability in spatial maps and perception. With further change or degradation in the visual spatial patterns, hippocampal place fields shift, presumably along with spatial perception. In olfaction, the need for pattern separation and completion is particularly intense, as most natural odors derive from odorant mixtures, evoking complex spatiotemporal patterns of olfactory sensory neuron and olfactory bulb activity 7 . Given this complexity, it is rare for a given stimulus to always have the exact same components in the exact same proportions, yet it is possible for a noisy or degraded stimulus to reliably evoke a stable percept. On the other hand, if the component make-up changes sufficiently, discrimination ensues. Evidence for pattern completion would be consistent with the view of olfactory perception as an objectoriented sense, where sensation of a familiar complex mixture evokes perception of a unique odor object, distinct from its components [8] [9] [10] [11] , and generally irreducible to its components 12 .
We isolated single units with stable odor-evoked activity over at least 45 min in the anterior piriform cortex (aPCX) and olfactory bulb (n ¼ 59 aPCX neurons; 25 olfactory bulb mitral/tufted cells) and examined responses to odorant mixtures in accord with University of Oklahoma Institutional Animal Care and Use Committee approval and U.S. Public Health Service standards. The standard odorant mixture that we used consisted of ten approximately equal concentration (based on vapor pressure and dilution in mineral oil) monomolecular odorants (as described in the Supplementary Methods and Supplementary Table 1 online). All data presented here used the same initial mixture of ten odorants (10c, for example, ABCDEFGHIJ), from which components were removed (for example, 10c-1 (10 components with 1 removed), 10c-2 (10 components with 2 removed), etc.) or replaced (10cR1, 10cR2, etc). This core mixture and its subsets were repeatedly presented during testing, and, given the speed at which cortical units become familiarized to odor mixtures even under anesthesia 13 , it was assumed they were familiar to the rats. We examined aPCX single units responding to the odorant mixtures (two typical examples are shown in Fig. 1a ). These units responded to several different mixture combinations, and a response to one mixture did not predict responsiveness to other mixtures, despite the linear morphing from one mixture to the next (see Supplementary Fig. 1 and Supplementary Results online).
We incorporated all of the cells tested in a brain region with a given stimulus set into a virtual ensemble and calculated a correlation matrix comparing ensemble responses to different odorant mixtures (stimulus components were all approximately 100 p.p.m.; Fig. 1 ). Across all mixture morphs (10c-1, 10cR1, etc.), the aPCX ensembles showed significantly greater mean decorrelation from the full mixture than did mitral/tufted cells (t 16 ¼ 2.73, P o 0.02). However, there was a significant difference in the pattern of correlation shift in mitral/tufted cells and aPCX ensembles as the mixtures diverged from 10c (Fig. 1b) . Although mitral/tufted cell ensembles showed similar levels of decorrelation across all mixture morphs, aPCX ensemble decorrelation increased as more components were removed or replaced. For example, with this odor set, repeated presentations of the 10c mixture produced a correlation in mitral/tufted cell ensemble response of 0.73 (correlating responses to repeated 10c stimuli). Removing one component (10c versus 10c-1) produced a significant decorrelation in mitral/tufted cell ensemble response to 0.27 (observed Z score, Z obs ¼ 2.17, P o 0.05). In aPCX ensembles, repeating the 10c mixture resulted in a crosscorrelation of 0.53, which showed no significant decorrelation (0.45) when comparing 10c versus 10c-1 (Z obs ¼ 0.32, P 4 0.05). Removing additional components, or replacing even a single component, created a significant mean decorrelation in aPCX ensemble response compared with that of mitral/tufted cells (t 14 ¼ 3.66, P o 0.01).
On the basis of our cortical ensemble data, we predicted that rats would have difficulty behaviorally discriminating the 10c mixture from a mixture with one component missing, whereas they would have no difficulty discriminating the 10c mixture from the same mixture with one component replaced, although both stimuli had 90% overlap with the 10c mix. As predicted (Fig. 1c) , rats (n ¼ 4; see Supplementary Methods and Supplementary Fig. 2 online for details) had difficulty discriminating 10c from 10c-1, but were proficient at discriminating 10c from 10cR1. Stimulus mixtures that overlapped 80% or less were more easily discriminated. ANOVA of error rates across discrimination stimuli showed a significant main effect of odor mixture (F 5,15 ¼ 9.13, P o 0.001).
Similar behavioral and aPCX ensemble results were generally obtained regardless of the specific components that were removed or replaced. For example (Fig. 2a) , rats had difficulty discriminating the loss of isoamyl acetate, yet easily discriminated its replacement with a variety of molecularly similar or dissimilar uncommon components. Across several singlecomponent removal and replacement protocols (see Supplementary  Table 2 online), replacement was significantly more easily behaviorally detected (t 6 ¼ 2.00, P o 0.05; Fig. 2b ) and induced greater aPCX ensemble decorrelation (t 4 ¼ 5.33, P o 0.01; Fig. 2c ) than singlecomponent removal. In summary, these results demonstrate that, despite the fact that individual piriform cortical cells can and do respond differentially to similar, overlapping mixtures (for example, 10c and 10c-1; Fig. 1a) , the cortical ensemble disregards this difference and functions consistent with pattern completion. The rat's perceptual performance matches that of the cortical ensemble. This emergent property of the ensemble allows minor variation in the stimulus to be disregarded, a function that is critical for perceptual stability. The enhanced pattern completion observed in aPCX relative to its afferent olfactory bulb input is similar to that observed across subregions of the hippocampal formation, such as dentate gyrus (pattern separation) and area CA3 (pattern completion) 2, 14 . Together, these results help explain both the stability of olfactory percepts of complex, varying mixtures and sensitivity to tainted food odors 15 .
Note: Supplementary information is available on the Nature Neuroscience website.
